Fitness conferred by the same allele may differ between genotypes, and these differences shape variation and evolution. Changes in amino acid propensities at protein sites over the course of evolution have been inferred from sequence alignments statistically, but the existing methods are data-intensive and aggregate multiple sites. Here, we develop an approach to detect individual amino acids that confer different fitness in different groups of species from combined sequence and phylogenetic data. Our method is based on the mutual distribution of homoplasic (convergent or parallel) and divergent substitutions over a phylogeny, and uses the fact that a higher rate of homoplasic evolution within a clade signifies high fitness of the derived allele. We apply it to the env gene of two HIV-1 subtypes, A and B, and to the HA gene of two influenza A subtypes, H1 and H3, and show that the inferred fitness changes are consistent with the fitness differences observed in deep mutational scanning experiments. Changes in fitness do not always trigger episodes of positive selection, and therefore cannot be identified by existing methods for its detection.
Introduction
The same amino acid at a specific position of a protein may confer different fitness in different species. Changes in amino acid propensities can occur in the course of evolution due to substitutions at other epistatically interacting sites (Kondrashov et al. 2002; Jordan et al. 2015) . Accounting for co-occurrence of amino acids improves predictions of the rates and patterns of substitutions (Kryazhimskiy et al. 2011 ) and polymorphism (Zaidi and Makova 2019) , as well as the pathogenic potential of mutations (Kondrashov et al. 2002; Jordan et al. 2015) and their functional effects in experiments (Mann et al. 2014; Figliuzzi et al. 2016; Hopf et al. 2017; Riesselman et al. 2018) . Changes in amino acid propensities can also happen due to shifts in protein fitness landscape caused by an altering environment, e.g. shifts in immune pressure on proteins of pathogens (Blackburne et al. 2008; Elena et al. 2009; Stray and Pittman 2012) .
The variability of amino acid propensities has been inferred from statistical analyses of pooled data from numerous amino acid positions of large protein alignments (Bazykin 2015; Storz 2016) . In particular, it has been postulated to bias the phylogenetic distribution of homoplasies -repeated substitutions giving rise to the same allele: parallelisms, convergencies (Povolotskaya and Kondrashov 2010; Goldstein et al. 2015; Zou and Zhang 2015; and reversals (Naumenko et al. 2012; Soylemez and Kondrashov 2012) . The idea behind this approach is that the fixation probability of a mutation, and therefore the rate of substitution, giving rise to an allele increases with its conferred fitness (Kimura 1983) . Therefore, substitutions producing the same allele are expected to be more frequent in groups of species where it confers high fitness. On a phylogeny, this can be observed as clustering of homoplasies in these groups of species, and such clustering has been interpreted as evidence for changes in fitness landscapes. To increase power, existing methods (Povolotskaya and Kondrashov 2010; Naumenko et al. 2012; Soylemez and Kondrashov 2012; Goldstein et al. 2015; Zou and Zhang 2015; aggregate data across multiple sites, and therefore do not allow to track changes in amino acid propensities at individual sites.
Here, we develop an approach to estimate the probability, for a particular amino acid at a particular site, that it confers different fitness in the two given taxa. This approach is based on the phylogenetic distribution of substitutions at the analyzed site. Our method performs well on phylogenies that include hundreds of samples (species or strains) or more. Using this method, we infer sites in the gp160 protein (encoded by the env gene) of HIV-1 that have undergone a change in the relative fitness of different amino acids between two distal HIV-1 subtypes, and sites in the HA protein of influenza A that have undergone such a change between two distal influenza subtypes. We then validate these findings using the fitness differences measured directly in deep mutational scanning (DMS) experiments (Haddox et al. 2016; Haddox et al. 2018; Lee et al. 2018) .
Results

New approach: inferring variable fitness amino acids
Using the reconstructed phylogenetic positions of substitutions, we analyze how homoplasic (parallel or convergent, i.e., giving rise to the same amino acid) and divergent (giving rise to different amino acids) substitutions at the same amino acid site are distributed relative to each other over the phylogeny. We test the hypothesis that aggregation of homoplasic substitutions at a particular fragment of the phylogenetic tree ("phylogenetic neighborhood") implies that the descendant allele confers higher fitness at this group of species, compared to the fitness conferred by it in other species .
Specifically, we aim to infer individual amino acids at individual sites that undergo significant changes in frequency of homoplasies between the phylogenetic neighborhoods of two given species. For this, we start by considering the first of the two species as the "focal" species. For each amino acid at each site, we then test two hypotheses: that the phylogenetic positions of substitutions into this amino acid are biased towards ("proximal amino acids") or away from ("distal amino acids") the phylogenetic neighborhood of the focal species (Fig. 1) . Next, we consider the second species as the focal species, and repeat the procedure. Finally, we assume that the fitness conferred by an amino acid has changed between the two focal species if it was classified as proximal to one species and as distal from the other, and designate such amino acids as variable fitness amino acids. 
Method validation
To understand the power of our method to identify amino acids with variable fitness, we used SelVA (https://github.com/bazykinlab/SELVa) to simulate the evolution of individual amino acid sites under variable fitness landscape. The substitution rates between different amino acids were determined by their relative fitness, which could differ between tree branches. Specifically, we assumed that at a given site a and at each position of the tree, exactly one of the 20 amino acids, AA , has the scaled fitness value AA = 2 AA = , while the remaining 19 amino acids have . The substitutions then occur at rate 1− 1− −1 , while the substitutions occur at rate −1 1− 1− (Yang and Nielsen 2008) . To model fitness variability, we assumed that these values had changed exactly once at a predefined phylogenetic branch b; at this point, the new identity of the amino acid with the fitness X, AA l , is chosen out of the 20 amino acids randomly, and the remaining amino acids get fitness 1. In the process, the fitness of amino acids AA k and AA l has changed, while the fitness of the remaining 18 variants has remained constant.
We asked if our method could retrieve the identity of AA k and AA l from simulated protein sequences. For simulation, we used the reconstructed phylogenetic tree of the gp160 protein encoded by the env gene of HIV-1 (see Methods). The tree has two clades, corresponding to HIV-1 subtypes A and B (Supplementary Figure 1) . We assumed that the change in the relative fitness values had occurred in the last common ancestor (LCA) either of subtype A or of subtype B.
The results of these simulations are shown in Figure 2 . We find that under moderate selection (X between ~4 and ~8), we correctly identify ~40% of the amino acids for which fitness has changed in the LCA of subtype A ( Fig. 2A) , and ~10% if it has changed in the LCA of subtype B (Supplementary Figure 2A) . This sensitivity is achieved under high specificity, so that less than ~20% of the identified amino acids are false positives. For stronger selection (X ≈10), we correctly identify a similar fraction of amino acids that change fitness, with almost no false positives, among the amino acids with sufficient variability for our analysis ("potentially variable fitness amino acids", see Methods); however, under such strong selection, most sites are monomorphic, and our method cannot be applied. Conversely, under weaker selection (X<4), the power of the method drops, probably because changes in selection of such a low magnitude are likely masked by the noise associated with drift and tree topology. Many env sites change amino acid preferences in the course of evolution As a test case, we applied our method to the evolution of the gp160 protein encoded by the env gene in HIV-1. This protein evolves under strong positive selection (Yang et al. 2003; Bazykin et al. 2006) , suggesting that the site-specific amino acid propensities are likely to change between strains. As focal strains, we considered the two strains tested in DMS experiments (see below): BF520 strain of the subtype A and LAI strain of the subtype B.
Indeed, among the 3491 amino acids with sufficient variability for our analysis (potentally variable fitness amino acids), we detected 59 variable fitness amino acids (at FDR=11%; Supplementary figure 2; see Methods), distributed over 46 of the 724 sites of gp160 (Fig. 3) . Since the FPR is below 0.003 for all scaled fitness values (Fig. 2C) , we expect to falsely classify no more than 10 amino acids as variable fitness, so at least ~83% of the observed variable fitness amino acids must be real.
The substitutions giving rise to the variable fitness amino acids were positioned on the phylogeny up to 1.75 times closer to one of the focal species, and up to 1.9 times more distantly from the other, than expected randomly. Of these 59 amino acids, 36 amino acids at 34 sites were proximal to the BF520 strain and distal from the LAI strain; and 23 amino acids at 23 sites were proximal to the LAI strain and distal from the BF520 strain. At 11 sites, the changes in fitness were reciprocal: some amino acids were proximal to the BF520 strain and distal from the LAI strain, while others were proximal to the LAI strain and distal from the BF520 strain.
The sites carrying variable fitness amino acids were found at all domains and structural regions of gp120 and gp41, and were not biased towards or away from any functional domain (Fisher's exact test, mean two-sided p for functional domains > 0.6). Amino acid sites carrying variable fitness amino acids in gp160 protein of HIV-1. For each position of the amino acid within the protein (horizontal axis), the red dot shows the number of amino acids that are simultaneously proximal to the BF520 strain and distal from the LAI strain; and the blue dot, the number of amino acids that are simultaneously proximal to the LAI strain and distal from the LBF520 strain, multiplied by -1. Grey dots represent the number of amino acids at a site that could potentially have significantly variable fitness (potentially variable fitness amino acids, see Methods). The positions without any dots are sites filtered out due to alignment ambiguity. Vertical grey lines connect dots for the same site. Blue background, gp120; green background, gp41. Variable loops V1-V5 and known functional domains are marked by horizontal black lines: *, CD4-binding loop; **, fusion peptide; ***, immunosuppressive region; ****, membrane proximal external region (MPER). Numbering of protein positions is hxb2-based.
The degree to which the substitutions giving rise to an amino acid may be clustered on the phylogeny should depend on the number of such substitutions. To compare the clustering between sites, we therefore introduced an unbiased measure of its extent. For this, we measured Z -the standard score (z-score) for the tendency of substitutions giving rise to the considered amino acid to occur in the neighborhood of the first species, and away from the second (see Methods). For the variable fitness amino acids, the absolute value of Z ranged between 3 and 10 (Supplementary figure 3).
Phylogenetically inferred changes in fitness between strains match those observed in DMS experiments
We compared the changes in phylogenetically inferred amino acid preferences between two strains to those inferred experimentally by DMS (Haddox et al. 2016; Haddox et al. 2018) . To estimate the changes in DMS preferences, for each amino acid, we measured the ratio = / , where is the DMS preference for this amino acid in the strain for which it is phylogenetically proximal, and is the preference for it in the strain for which it is distal. As a control, we analyzed the distribution of between the two strains for invariable fitness amino acids.
The values of were significantly higher for the variable fitness amino acids than in the control (one-tailed Wilcoxon's test, p = 0.005; Fig. 4 ), indicating that the phylogenetically and experimentally inferred variable fitness amino acids match. This trend is pronounced both for amino acids that conferred higher fitness in BF520 and in LAI strains (Fig. 4) , and is mainly driven by amino acids with modest preferences (π < 0.2; Fig. 4B ). Figure 4 . A, The ratio of experimentally measured preferences for an amino acid between the strain for which this amino acid is phylogenetically proximal and the strain for which it is distal. Amino acids with significant (left, p<0.01 for both strains) or insignificant (right, p>0.1 for both strains) changes in conferred fitness between strains are shown; bold line is the median, box borders represent inter quartile range (IQR) between first (Q1) and third (Q3) quartiles, whiskers are Q1-1.5*IQR and Q3 + 1.5 * IQR intervals, outliers are not shown; boxplots are made using all data; each variable amino acid close to subtype A or subtype B and a subsample of 100 other amino acids are shown as red, blue and grey dots respectively. Dashed line indicates no change in preferences (r=1). B, Experimentally measured fitness of each amino acid in two strains of HIV1. Grey dots, amino acids that persist at least in one strain in our phylogenetic tree; red, variable fitness amino acids that are proximal to strain on X axis; blue, variable fitness amino acids that are proximal to strain on Y axis; dashed linemean line.
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The majority of the sites with variable fitness amino acids show no evidence of positive selection Changes in fitness conferred by an allele can trigger episodes of positive selection. To study the association between these processes, we identified sites under positive selection, as evidenced by an above-neutral ratio of nonsynonymous to synonymous substitutions (dN/dS) estimated by codeml (ω >1), in subtype A, subtype B or both. Among the 46 sites carrying variable fitness amino acids, only 20 (43%) have experienced positive selection in subtypes A or B, despite the fact that the power of both the site-specific dN/dS test for positive selection and our test increases with the number of substitutions. An even lower overlap was observed with the sets of positively selected sites described in previous studies (Yang et al. 2003: 17%; Wood et al. 2009: 9%) .
Although there was an excess of positive selection among sites with variable fitness amino acids (Methods; Fisher's exact test, two-sided p < 0.001, Table 1 ), the fact that no positive selection was detected in over a half of variable sites suggests that these two phenomena are frequently uncoupled. Furthermore, was not higher for variable fitness amino acids at positively selected sites than at sites without any signal of positive selection (one-tailed Wilcoxon's test, p = 0.09). A closer examination of the data helps understand the interplay between the dN/dS ratio and fitness variability. For example, according to the DMS data, Y159 is strongly preferred within subtype A, while F159 is strongly preferred in subtype B. In our analysis, Y159 is a variable fitness amino acid proximal to the subtype A. At site 159, codeml has detected positive selection in subtype A (ω = 3.47), but not in subtype B (ω = 0.10). Within subtype A, F159Y substitutions constitute nearly all (81%) observed substitutions at site 159, so the signal of positive selection picked up by codeml has been created by them, implying recurrent adaptation (Fig. 5A ).
By contrast, while S273 was designated a variable fitness amino acid in our analysis, no positive selection has been detected at site 273 by codeml. R273S substitutions constitute only 5.7% of all substitutions at this site in subtype B, while they account for 46.5% of substitutions in the remaining subtypes (including subtype A). Consistently, S273 confers higher fitness in DMS experiments in subtype A than in subtype B. Still, even within subtype A, S273 is just one of the several variants with near-equal fitness (Fig. 5B) . Therefore, the increased frequency of R273S substitutions in subtype A is due to relaxation of negative selection against 273S, rather than positive selection in its favour. 
Differences in fitness constraints between 3 subtypes
Our approach can be extended to detect amino acids with fitness differing in a predetermined pattern between multiple subtypes. To illustrate this, we study the amino acids that change the conferred fitness between the three major subtypes of HIV-1, A, B and C, which are the most prevalent subtypes in Asia, Northern America/Europe and Africa, respectively. Besides the 59 variable fitness amino acids detected in the A-B pairwise analysis (see above), we also found 268 additional amino acids that had changed fitness between C and at least one of the subtypes A and B. These amino acids are listed in Table S1 ; the web script that lists the variable fitness amino acids for an arbitrarily chosen pattern of preferences between subtypes is available at http://makarich.fbb.msu.ru/galkaklink/hiv_landscape/.
Variable fitness amino acids in HA of Influenza A
We applied our method to the haemagglutinin gene of H1 and H3 subtypes of human influenza A, and detected 9 variable fitness amino acids in 7 sites (FDR = 39%; Fig. 6 ). The results for the hemagglutinin were again consistent with the DMS experiment: amino acids with an excess of substitutions into them in the phylogenetic neighborhood of one of the strains conferred higher fitness at this strain than in the other strain (one-tailed Wilcoxon's test, p = 0.02; Fig. 7) . The ratio between experimentally measured amino acid preferences of the strain for which an amino acid is proximal and the strain for which it is distal, influenza hemagglutinin. Amino acids with significant (left, p<0.05 for both strains) or insignificant (right, p>0.1 for both strains) changes in the phylogenetic analysis are shown; notations are the same as in Figure 4. For some of the sites, changes in fitness could be interpreted from the functional perspective. Site 202 (in A/Perth/16/2009 numbering) is one of the two sites that were previously shown to be antigenic in H3, but not in the H1 subtype (Stray and Pittman 2012) . In site 202, S is the ancestral amino acid for both H1 and H3 clades. Both our analysis and the DMS experiment suggest that P202 confers higher relative fitness in H1 than in H3. Four S202P substitutions have occurred in the H1 clade, and 90% of the H1 isolates contain P202. Conversely, no substitutions into P have occurred in the H3 clade, and 95% of H3 isolates carry G202, which has originated from S in a total of 3 substitutions. The observed differences in the fitness landscapes between subtypes might reflect the differences in the function of site 202 between the two viral subtypes.
Discussion
Substitution patterns in the course of evolution of a protein are shaped by the selection pressure experienced by it, and changes in this pressure may lead to non-uniformity of substitution rates between evolving lineages. While the overall non-stationarity of evolutionary rate (heterotachy, Lopez et al. 2002; Yang and Nielsen 2002; Murrell et al. 2012) as well as of individual substitution types (heteropecilly, Tamuri et al. 2009; Roure and Philippe 2011; have been used to infer the changes in underlying selection, these approaches require aggregating multiple sites to obtain the statistical signal. Therefore, they are unable to pick up changes in amino acid propensities within individual sites, especially if the directions of these changes were discordant between sites.
Large sequence datasets with inferable phylogenetic relationships can be harvested to increase the resolution of these methods. Here, we develop an approach to infer, for individual amino acids at individual sites, the changes in conferred relative fitness between two related lineages.
Our method makes use of the changes in the relative frequencies of convergent (or parallel) and divergent substitutions between evolving lineages. While the high frequency of substitutions giving rise to the same amino acid suggests a high fitness of that amino acid, usage of divergent substitutions provides an internal control, making the method robust and insensitive to other types of non-stationarity. In particular, first, it is not sensitive to differences in the overall substitution rate (across sites and mutation types) between lineages. Second, as it considers each site individually, it is not sensitive to differences in substitution rates or patterns between sites. Third, as it controls for the identity of the ancestral amino acids, it is not sensitive to differences in rates of different types of substitutions (e.g., transitions vs. transversions) within a site that are conserved throughout the considered phylogeny. Fourth, for the same reason, it is not sensitive to changes in the rate of the substitutions of the same type that are caused by the changes in the prevalence of a particular ancestral amino acid . Still, our method has some limitations . First, as it is based on the analysis of phylogenetic distribution of amino acid substitutions, its power is limited by the number of substitutions observed, which in turn depends on the tree shape and the selection regime. In particular, it is inadequate for detection of changes in amino acid fitness between closely related species or at slowly evolving sites. Here, we explicitly study the power of our method for different selection strengths. Simulations show that our method works best within a window of selection coefficients corresponding to moderate selection. This is to be expected. If selection is too weak, both weakly advantageous and weakly deleterious substitutions occur throughout the phylogeny, making our approach impotent. Conversely, if selection is very strong, the number of variable sites becomes low: the favored amino acid is usually nearly fixed in one of the clades, so that there are no substitutions giving rise to it to analyze. In particular, our method is inadequate for detection of selection in favour of a highly conserved ancestral variant, since multiple substitutions into this variant are unlikely. We can identify the amino acids with sufficient variability for our approach a priori; among those, the power of our method is high, so that just a few of the variable fitness amino acids identified here can be false positives.
Second, our test detects any change in the frequency of an individual substitution at a site independent of its cause. While at the amino acid level, such changes are probably always caused by changes in amino acid propensities, if a similar approach is applied to nucleotide substitutions, rate changes can also occur due to differences in mutation biases or in non-amino-acid level selection, e.g. selection for nucleotide composition. In theory, synonymous sites can be used to control for non-selective changes in substitution biases.
To illustrate and experimentally validate our approach, we make use of two DMS datasets for viral surface proteins, in each of which the amino acid preferences have been measured experimentally for two different strains: the gp160 protein in two HIV-1 strains, and the HA protein in two influenza A strains. Overall, we find that the results of the phylogenetic test are consistent with experimental results. If a particular amino acid is gained more frequently by a species closely related to a particular strain, it also tends to confer higher fitness in experimental assays in that same strain.
Still, the concordance between the two tests is imperfect. The observed discordances are illustrative of both the strengths and the limitations of our approach. We find that the inferred variable fitness amino acids mostly have modest experimentally measured preference π even in the strain for which they are proximal. There can be multiple reasons for this. First, our phylogenetic test is not guaranteed to assign high preference to the fittest amino acid at a site. In particular, it is only able to assign differential fitness to derived, but not ancestral, variants. For example, 159F confers high experimentally measured fitness in the gp160 of the LAI strain, but its fitness is lower in the BF520 strain (Fig. 5a) ; still, it cannot be picked up by the phylogenetic test, as it is the ancestral variant, and the substitutions giving rise to it are rare in both strains (Fig. 5a ). As the variant that is much more fit than all other variants is likely to be conserved throughout the clade, the phylogenetic method is less likely to pick it up, compared to a variant with fitness comparable to that of at least one other variant. Thus, π may be high at only one of the strains even for those amino acids for which no change in fitness is inferred phylogenetically.
Second, many of the fitness shifts between A and B subtypes of HIV-1 probably did not affect the fittest amino acid. Indeed, among the gp160 sites with variable fitness amino acids between LAI and BF520, only 30% carry different amino acids in these two strains, which is no more than among remaining sites (Fisher's exact test, p = 0.08).
It has been shown that an experimentally informed codon model (ExpCM; Hilton et al. 2017 ) that incorporates the results of the DMS scan into evolutionary models outperforms other substitution models, because it takes into account selective constraints at individual sites (Haddox et al. 2018; Lee et al. 2018 ). Thus, ExpCM was interpreted as the product of negative selection. Here, we show that the changes in the DMS matrices can also reveal episodes of positive selection. Less than a half of sites where we detected variable fitness amino acids also had signatures of positive selection that could be detected by a standard dN/dS approach. Therefore, changes in site-specific fitness landscape are not necessarily coupled with strong positive selection for new optimal variants. For example, this can be the case when the fittest amino acid remains the same in the course of evolution, but some other amino acids experience changes in their acceptability. Such changes may affect subsequent changes in the fitness landscape that can be dramatic; for example, an amino acid can become acceptable at a site due to permissive substitution at another site and then become the most prevalent under positive selection.
Our method can be applied to more than two focal species to find amino acids that have the same relative fitness in some lineages but change it in other lineages. We illustrate this using the three subtypes of HIV-1. As the number of strains substantially differs between these three clades (223, 2035 and 1265 for A, B and C correspondingly), the power of our method differs between them. Still, our results show that with enough data we are able to compare fitness of an amino acid between more than two clades. It is important to note that it is not necessary for the focal lineages to belong to well separated clades to be suitable for our test, unlike some other methods (Tamuri et al. 2009 ). Moreover, our method makes no assumption regarding model of epistatic interactions or fitness shift (Tamuri et al. 2009; Louie et al. 2018) .
Predicting the effects of genetic variation on fitness is often based on the degree of position conservation (Sim et al. 2012; Adzhubei et al. 2013; Kircher et al. 2014 ), but functionally important residues are not necessarily conserved (Wu et al. 2015) . Our method can be used to distinguish between rapidly evolving sites with relaxed and variable constraints. For example, in gp160 there are 10 sites with 18 different amino acids that aroused across the phylogenetic tree. Among them, we have found 5 sites with variable fitness amino acids. It possibly indicates that the fitness landscape is variable in these sites. As our current method is limited to relatively rapidly evolving sites, it cannot answer questions such as on what properties of the site the probability of switching its amino acid propensities depends most, and this is an area for future research.
Despite the recent surge in DMS experiments that allow high-throughput fitness measurements, such experiments can still only be performed for a relatively few model systems, and are still impractical for large numbers of strains. Moreover, the fitness measurements in experimental conditions are not necessarily reflective of the selective pressure experienced by a lineage over the course of its evolution. By contrast, comparative genomics allows to assess the fitness differences that have shaped evolution for a large number of non-model species simultaneously.
Materials and Methods
Inference of phylogenetic biases
We define the phylogenetic distance between the focal species and each substitution into A as the sum of branch lengths along the path between them on the phylogeny, and ̅ as the mean of those distances. If the substitutions preferentially occur in the phylogenetic neighborhood of the focal species, we expect ̅ to be downward biased, compared to the null expectation. By contrast, if the substitutions are underrepresented in the phylogenetic neighborhood of the focal species, we expect ̅ to be upward biased. To obtain the null distribution of ̅ ,we made use of the substitutions into non-A amino acids. ̅ depends both on the phylogenetic distribution of the amino acids ancestral to A, and on the number of substitutions into A . To control for this, we subsampled the substitutions from the same ancestral amino acids as follows. We listed all "ancestral" amino acids that were at least once substituted by A. For each such ancestral amino acid, we then considered all substitutions into any (A or non-A) amino acid, and subsampled, out of these substitutions, the number of substitutions equal to that into A. We then pooled these substitutions across all ancestral amino acids together, and measured the mean phylogenetic distance ̃ for them. This procedure was repeated 10,000 times to obtain the null distribution of ̅ . We estimated the extent of bias of the substitutions as = ̅ /mean(̃); < 1 if the substitutions into A are clustered near the focal species, and > 1 if they preferentially happened far from it. The p-value for the deviation of from 1 was estimated as the percentile of ̅ in this distribution, and for its bias away from the focal species, as 1 minus this value.
We required p < T for proximal amino acids, and p > (1-T) for distal amino acids, where T is a significance threshold. An amino acid was considered "potentially variable fitness" if the minimal attainable p-value (i.e., the fraction of the values of in the most extreme bin) was lower than T. For each significance threshold T, we calculated the expected fraction of false positives (false discovery rate, FDR) as argmin ((T*PotVar)/VarFit, 1), where T is the significance threshold, PotVar is the number of potentially variable fitness amino acids at this T, and VarFit is the number of variable fitness amino acids at this T. We used T=0.01 for gp160 throughout; the percent of expected false positives at this pvalue is less than 11% (Supplementary figure 2) . For HA, were the substitution rate is lower, we used T 0.05, yielding the FDR<39%.
Finally, for a pair of species 1 and 2, we defined, for an amino acid A at this site, the effect size 1 / 2 , where 1 and 2 are the values of the bias in each species. To make the effect size of different amino acids comparable, for each amino acid, we measured its standardized score (z-score) Z using the null distribution of 1 / 2 that was obtained in the same way as the null distribution of ̅ .
Data
gp-160
We downloaded 4241 gp160 DNA and protein sequences belonging to nine subtypes of HIV-1 from the Los Alamos HIV sequence database (http://www.hiv.lanl.gov/) using the following settings: alignment type=filtered web, organism=HIV-1/SIVcpz, region=Env, subtype=M group without recombinants, year: 2016. The subtypes were represented unequally, with the majority of sequences from subtypes B (>2000 isolates) and C (>1000 isolates). We discarded sequences with lengths not divisible by 3 and internal stop codons, leaving 3789 sequences. We then added two experimentally studied sequences LAI and BF520, and an outgroup type O (isolate_ANT70), for a total of 3792 sequences. Using Pal2Nal (Suyama et al. 2006) and Mafft (Katoh et al. 2002) , we obtained amino acid alignments and codon-informed nucleotide sequence alignments. Using nucleotide alignments, we built a maximum likelihood phylogenetic tree using RAxML under the GTRGAMMA model. We then optimized branch lengths on the basis of the amino acid alignment under the PROTGAMMAGTR model (Stamatakis 2014) and reconstructed ancestral states with codeml program of the PAML package (Yang 2007 ).
The analysis was performed on amino acid alignments, using LAI or BF520 as focal species. To ensure that our results are robust to uncertainty of phylogenetic reconstruction, for all analyses involving one "proximal-distal" comparison, we constructed maximum likelihood phylogenetic trees on the basis of the same alignment in 10 independent runs, identified the variable fitness amino acids for each tree, and performed downstream analyses with just those amino acids that had significant shifts in fitness in all 10 replicates.
Functional regions were defined as annotated in UniProt (The UniProt Consortium 2017; entry P04578). We obtained solvent accessibility data for the LAI strain from (Haddox et al. 2016) . To define buried and exposed residues, we used the threshold relative solvent accessibility = 0.25.
Hemagglutinin
We obtained 2238 and 50109 DNA sequences of hemagglutinins from seasonal H1N1 and H3N2 influenza A subtypes correspondingly from GISAID database (Shu and McCauley 2017) . We discarded sequences shorter than 1680 nucleotides, with lengths not divisible by 3 and internal stop codons, leaving 2142 sequences of H1 and 49543 sequences of H3. We then used cd-hit program (Li and Godzik 2006) to discard identical sequences from the dataset which leaved 1557 sequences of H1 an 20191 sequences of H3. Finally, we randomly chose 1557 H3 sequences to make the H1 and H3 datasets equal in size. Protein sequences were obtained from DNA sequences with BioPerl. All subsequent procedures were conducted as for the HIV-1 dataset. We obtained experimentally derived amino acid propensities for A/WSN/1933 (H1N1) and A/Perth/16/2009 (H3N2) strains from (Lee et al. 2018 ) .
Simulated evolution
We simulated evolution of the protein across the phylogeny of two HIV-1 subtypes, A and B. The phylogeny has been constructed as above, but only sequences from A and B subtypes were used. Simulations were performed with the Simulator of Evolution with Landscape Variation (SELVa) program (https://github.com/bazykinlab/SELVa). SELVa allows to specify the branches of the phylogenetic tree where fitness shift occurs, and the vectors of amino acid fitness before and after the shift. It simulates substitutions between amino acids according to the model described in (Yang and Nielsen 2008) , and assumes that mutation probability is the same among all pairs of amino acids.
We simulated evolution of 700 sites along the phylogenetic tree with the amino acid fitness vector {X,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1}, for each value of X between 1.5 and 11 with a 0.5 step. In simulations with variable fitness landscape, the identity of the amino acid with fitness X differed between subtypes A and B. Fitness shift has occurred in the last common ancestor of subtype A or B.
For each X, we calculated three parameters: true positive rate (TPR), or sensitivity -the proportion of correctly identified actual positives; false positive rate (FPR) -the proportion of actual negatives that were incorrectly identified as positives (1-FPR is called specificity); false discovery rate (FDR) -the proportion of false positives among all positives. The results are shown on Figure 2 .
Comparison with DMS data
To test whether our results match the results of the DMS experiments, for each amino acid, we measured the ratio between the DMS preference for this amino acid in the strain for which it is phylogenetically more proximal (? ? ), and the preference for it in the strain for which it is more distal (? ? ) according to obtained p-values. We then compared the mean for variable fitness and other amino acids with Wilcoxon's rank sum test.
Revealing sites under positive selection
Sites of gp160 were tested for positive selection using codeml program of the PAML package with site model. The presence of positive selection was tested by comparison of models M1a and M2a with the likelihood ratio test. Probabilities that positive selection acts at each site were calculated by BEB (Bayes Empirical Bayes) method as implemented in codeml. We separately performed the analysis for subtype A subtree, subtype B subtree and A+B tree (all trees were built as described in the Data section but only with sequences from A and B subtypes).
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Supplementary figure 3. The effect size Z for amino acids relative to BF520 (A) or LAI (B). Red (A) or blue (B) dotsvariable fitness amino acids that are proximal to BF520 (A) or LAI (B); grey dots -all other amino acids.
